Abstract There is evidence that gonadal hormones may affect the perception of painful stimulation, although the underlying mechanisms remain unclear. This investigation was undertaken to determine whether the adenosine 5′-triphosphate (ATP) receptor subunit, P2X 3 , is involved in the modulatory action of estrogen in peripheral pain signal transduction in dorsal root ganglion (DRG). The mechanical pain behavior test, real-time quantitative reverse transcription-polymerase chain reaction analysis, and Western blot methods were used to determine the mean relative concentrations and functions of P2X 3 receptors in DRG in sham, ovariectomized (OVX), and estradiol replacement (OVX+E 2 ) female rats and in sham and orchiectomized male rats. The mechanical hyperalgesia appeared after ovariectomy, which was subsequently reversed after estradiol replacement, whereas it was not observed after orchiectomy in male rats. Plantar injection of 2′(3′)-O-(2,4,6-trinitrophenyl) ATP (TNP-ATP), a P2X 3 and P2X 2/3 receptor antagonist, resulted in an increase of the pain threshold force in OVX rats while had no effect on sham rats. Furthermore, A-317491, a selective P2X 3 /P2X 2/3 receptor antagonist, significantly reversed the hyperalgesia of OVX rats. Injection of ATP into the plantars also caused a significant increase of the paw withdrawal duration in OVX rats compared with that seen in the sham group, which became substantially attenuated by TNP-ATP. P2X 3 receptors expressed in DRG were significantly increased in both mRNA and protein levels after ovariectomy and then reversed after estrogen replacement, while a similar increase was not observed after orchiectomy in male rats. Furthermore, P2X 3 mRNA was significantly decreased 24 h after the application of 17β-estradiol in a concentrationdependent manner in cultured DRG neurons. ICI 182,780, an estrogen receptor antagonist, blocked the reduction in the protein level. These results suggest that the female gonadal hormone, 17β-estradiol, might participate in the control of peripheral pain signal transduction by modulating P2X 3 receptor-mediated events in primary sensory neurons, probably through genomic mechanisms.
relatively short-lived pain [2, 3] . The latencies to tailflick and pawlick in response to radiant heat were increased in pro-estrous rats, with higher concentrations of estradiol and progesterone [4] [5] [6] . The temporomandibular joint nociceptive behavior of females with proestrus levels of estradiol was significantly lower than that in the diestrus phase [7] . Ovariectomized (OVX) mice developed a robust mechanical hyperalgesia and allodynia [8] , which could be reversed by estrogen [9] . Administration of estradiol induced a reduction of nociceptive responses [10] and an increase of latencies in response to heat stimuli [11] and vaginal distension [12] in OVX rats. Furthermore, elevated estrogen and progesterone, as occurs during pregnancy, is antinociceptive [13, 14] . In contrast, the chronic pain conditions such as irritable bowel syndrome, interstitial cystitis, and orofacial pain are more prevalent in females than in males [15, 16] . The threshold to evoke a visceromotor reflex or pressor response to colorectal distention or to activate uterine and vaginal primary afferents is lowest in proestrus [17] [18] [19] . Although the reason for this discrepancy is unclear, estrogen modulation of pain is highly specific to the type of nociceptive test, the occurrence of pain, and the characteristics of pain syndromes developed [3, 20] .
Estrogen receptors, consisting of two subtypes (ER α and ER β ), have been demonstrated to be widely distributed throughout the central and peripheral nervous systems [21, 22] . Peripheral sensory neurons express both estrogen receptor-α (ER α ) and estrogen receptor-β (ER β ), with ER α being selectively localized on small-diameter sensory neurons [23] , which have been regarded as nociceptors. Therefore, estrogen can potentially alter the nociceptive process at the primary level.
In peripheral sensory transduction of noxious stimuli, ATP acts through P2X receptors. To date, seven P2X receptors subunits (P2X 1−7 ) have been identified, of which P2X 3 and P2X 2/3 receptors are expressed in afferent sensory pathways, such as dorsal root ganglia (DRG) and trigeminal ganglia [24, 25] , and thus participate in pain perception [26, 27] . In DRG neurons, estradiol attenuated ATP-induced Ca 2+ influx through ER α receptors [28] and selectively modulates P2X 3 receptor-mediated transient currents [29] . In addition, upregulation of P2X 3 receptors in urinary bladder after ovariectomy induced an oversensitivity of urinary bladder to stretch stimuli and thus induced bladder dysfunction [30] . P2X 3 receptor expression was increased in DRG 10 days after pregnancy [31] . These results indicate the relation between the expression or function of P2X 3 receptors and female hormone levels. In this study, we have investigated the possible effects of estradiol on ATP-mediated peripheral pain signal transduction on DRG and its isolated cultured neurons. We aim to observe the effect by estrogen on the expression and function of homomeric P2X 3 receptors in order to elucidate the underlying mechanisms of the effects of sex steroids on pain perception.
Material and methods

Animals
Adult male and female Sprague-Dawley rats were used (200-250 g). The male rats were randomly divided into two groups: a group orchiectomized bilaterally (GDX) and a group receiving the same surgical procedure without removing the testes (sham surgery). The female rats were randomly divided into three groups: a group ovariectomized bilaterally (OVX); a group receiving the same surgical procedure without removing the ovaries (sham surgery), with both groups receiving vehicle injection; and a group ovariectomized bilaterally and receiving estrogen treatment. E 2 replacement therapy was carried out in the ovariectomized rat 1 week after surgery and by daily subcutaneous injection of 17β-estradiol (30 μg/kg, 0.4 mL/day); the same volume of vehicle was injected into sham and OVX rats daily. Estrogen plasma levels in the 5 weeks after estrogen replacement was maintained at 108±6.9 pg/mL (n=8) using an ELISA kit of rat E 2 from BioTNT (Transhold Navigation Technology, Shanghai, China). DRG neurons were isolated and cultured from normal female rats. All experimental procedures were approved by the Institutional Animal Care and Use Committee at Second Military Medical University.
Drugs and injections
ATP, 2′(3′)-O-(2,4,6-trinitrophenyl)-ATP (TNP-ATP), A-317491, 17β-estradiol (water-soluble), and charcoal were obtained from Sigma Chemical Co. (Poole, UK). Hank's balance solution, L-15 medium, and DMEM/F-12 medium were from Gibco Co. (UK). ICI 182,780 was purchased from Tocris. Solutions of ATP and other drugs were prepared using deionized water and stored frozen, except for ICI 182,780 which was dissolved in dimethyl sulfoxide to 1 mM. In the behavior studies, all drugs were then diluted in phosphate-buffered saline (PBS) to the final concentration. In the studies of cultured DRG neurons, 17β-estradiol and ICI 182,780 were then diluted in the medium.
Drug injections were in a volume of 50 μl and delivered into the plantar surface of the hindpaw with a 30-gauge needle. For the dose-response curve, ATP (10-1,000 μmol/L) was administered in a vehicle of normal saline. In the antagonist experiment, TNP-ATP (200 nmol/L) was diluted in normal saline or co-administered with ATP (100 μmol/L) in saline.
Behavior experiments
Behavior test
The mechanical pain threshold was tested before and from 1 to 6 weeks after operation in the three groups of female rats and two groups of male rats. The thermal pain behavior was tested 4 weeks after operation. On the day of experimentation, rats were placed under a Plexiglass dome and allowed to settle for at least 30 min before beginning behavioral experiments.
Mechanical stimulation
The hind paw withdrawal threshold (PWT) was measured to the lateral plantar surface of the tested paw until it withdrew, in response to stimulation of Von Frey filaments (ranging from 0.0174 to 263 g, Institute of Autonomic Neuroscience, London). Each filament was used ten times in ascending order of force and the number and intensity of withdrawal responses were noted. The filaments were applied for 1-2 s with an inter-stimulus interval of 10 s. The withdrawal threshold was taken as the force at which the animal withdrew the paw from at least five consecutive stimuli. The P2X 3 and P2X 2/3 receptor antagonists, TNP-ATP (200 nmol in 50 μL), and A-317491 (100 nmol in 50 μL) were injected into the rat hindpaw 1 day later.
Thermal stimulation
Thermal nociceptive thresholds were determined according to the method described by McGaraughty et al. [32] . Briefly, through the glass surface, a radiant heat source (BME-410C, Plantar Analgesia Tester, Institute of Biomedical Engineering, CAMS) was focused onto the plantar surface of the hindpaw. The rat's paw withdrawal latency to this stimulus was recorded. Each animal's latency score was an average of two trials, which were separated by at least 5 min.
Nocifensive behavioral studies
Nocifensive behavioral studies were conducted using a procedure similar to that described by Hamilton et al. [33] . Briefly, various concentrations of ATP (10-1,000 μmol/L, 50 μL) [34] or PBS was injected subcutaneously into the hindpaw. Following the injection, rats were immediately put back under the Plexiglass dome and the flinching behavior was assessed by determine the paw withdrawal duration (PWD). To study the effect of the P2X receptor antagonist on flinch responses, TNP-ATP (200 nmol/L) was co-administered with the ATP solution (100 μmol/L, 50 μL). Rats were tested twice, with ATP injection in the right hindpaw and co-application of ATP and TNP-ATP in the same hindpaw after an interval of 48 h. The persons conducting the behavioral measurements were blind to the treatments.
Real-time quantitative reverse transcription-polymerase chain reaction analysis RNA isolation and complementary DNA synthesis Total RNA was extracted by RNeasy Mini Kit (QIAGEN, Clifton Hill, Australia). DRG were isolated from the three female group rats and the two male group rats 6 weeks after surgery, and purity determination was obtained by ultraviolet spectrophotometer (A 260/280 ), with quantity fixed. Then, the RNA was reversed-transcribed to complementary DNA and cDNA was synthesized from 2 μg of total RNA in a 20 μL reaction mixture containing 1× reverse transcriptase buffer (15 mM MgCl 2 , 375 mM KCl, 250 mM Tris-HCl at pH 8. 
Quantitative real-time PCR
QT-RT-PCR amplifications were performed with SYBRGreen using Roto-gene RG3000 in 20 μL reaction. The solution consisted of 1.0 mL diluted RT-PCR product, 0.25 μM of each of the paired primers, and 10 mL real-time PCR SYBR Green Master Mix. The primer pair used for application of P2X 3 was: TGGCGTTCTGGGTATTAA GATCGG (forward); CAGTGGCCTGGTCACTGGCGA (reverse). The PCR conditions for the P2X 3 were: 95°C for 2 min, followed by 40 cycles of 95°C, 20 s; 65°C, 25 s; and 72°C, 25 s. To allow standardization of the amount of cDNA added to each PCR reactions and minimize the effects of individual difference on the results, RT-PCR for the housekeeping gene β-actin was performed for each sample. The primer pair used for the application of β-actin was: ATGGTGGGTATGGGTCAGAAGG (forward); TGGCTGGGGTGTTGAAGGTC (reverse). The PCR conditions for β-actin were: 95°C for 2 min, followed by 40 cycles of 95°C, 20 s; 58°C, 25 s; and 72°C, 25 s. The absolute mRNA level in each sample was calculated according to a standard curve set up using serial dilutions of known amounts of specific templates against the corresponding cycle threshold values. Then, the ratio of the P2X 3 gene over the reference gene in each sample was obtained to the normalized expression of the target gene.
Western blotting analysis
For the tissue experiments, DRG were harvested from the three female group rats 6 weeks after surgery. For the cell experiments, the cultured DRG neurons were harvested. The samples were homogenized in cold lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% deoxycholic acid sodium salt, 0.1% SDS, and a protease inhibitor mixture) using a homogenizer (Ultra Turrax T 18 basic, IKA, Germany). The homogenate was centrifuged at 12,000×g (10 min, 4°C) and the supernatant was collected. Total protein concentration was determined by the Bradford method using bovine serum albumin as a standard (Bio-Rad, Hercules, CA). Proteins were separated using SDS-PAGE on 10% Tris-HCl gels (Bio-Rad) and electrophoretically transferred to polyvinylidene difluoride membranes. The membranes were blocked in blocking buffer consisting of 20 mM Tris-HCl, pH 7.4, 137 mM NaCl, 0.1% Tween 20, and 5% nonfat milk at room temperature for 2 h and then incubated with P2X 3 primary antibody (1:1,000, Santa Cruz Biotechnology, Santa Cruz, CA) or β-actin (1:1,000, Santa Cruz Biotechnology) overnight at 4°C. The blots were washed, incubated with HRP-conjugated secondary antibody (1:1,000, Proteintech Group, Proteintech, USA) for 2 h at room temperature, and finally visualized in ECL solution (Santa Cruz Biotechnology) for 1 min and exposed onto Kodak film (Rayco company) for 1-30 min. For control of correct gel loading, β-actin quantification was used. To quantify Western blot signals, band density was measured using UMAX PowerLook III (Synpix) and normalized with respect to the control.
Cell culture
Cell culture procedures were selected as reported previously [29] . Namely, eight normal female rats were killed by decapitation. Lumbar DRG were rapidly dissected out. The ganglia were desheathed, cut, and incubated in 4 mL Ca 2+ -and Mg 2+ -free Hanks' balanced salt solution with 10 mM HEPES buffer (pH 7.4; HBSS, Life Technologies) containing 1.5 mg/mL collagenase (class II, Worthington Biochemical Corporation, UK) and 6 mg/mL bovine serum albumin (Sigma) at 37°C for 45 min. The tissue was then incubated in 4 mL HBSS containing 1 mg/mL_trypsin (Sigma) at 37°C for 15 min. The solution was replaced with 1 mL growth medium comprising L-15 medium supplemented with 10% bovine serum, 50 ng/mL nerve growth factor, 0.2% NaHCO 3 , 5.5 mg/mL glucose, 200 IU/mL penicillin, and 200 IU/mL streptomycin. The ganglia were then dissociated into single neurons by gentle trituration. The neurons were plated onto 35-mm Petri dishes coated with 10 μg/mL laminin (Sigma) and maintained at 37°C in a humidified atmosphere containing 5% CO 2 . In the experiments, cells were incubated with steroid-free medium (SFM) for 1 day before applying the drugs. This medium was composed of phenol red-deficient DMEM/F-12 (GIBCO) containing 8% heat-inactivated fetal bovine serum that was previously treated with charcoal to remove steroids. The preparation of charcoal-treated serum has been described previously [35] .
Statistical analysis
Data were expressed as means ± SEM. Data in the behavior test were analyzed using two-way ANOVA. One-way ANOVA analysis in SPSS11was performed in P2X 3 receptor expression levels from groups. The multiple comparisons were then made using the least significant difference test (t test). Differences among the groups were considered statistically significant when the p value was lower than 0.05 (p<0.05).
Results
Mechanical hyperalgesia after ovariectomy and estrogen reversal of established mechanical hyperalgesia
Changes in the mechanical pain threshold were observed among groups of either female or male rats. In the first week after surgery, Von Frey hair tests showed no difference of PWT (showed with force of von Frey hair) among the three female groups (p>0.05, n=8 for each group). In contrast, in the second week after surgery, Von Frey hair tests showed that OVX rats with vehicle developed a robust mechanical hyperalgesia (OVX, 18.7± 4.3 g vs. sham, 43.3±7.2 g; Fig. 1a) . The hyperalgesia state remained in the following 3, 4, 5, and 6 weeks after surgery (Fig. 1a) . The PWT of estrogen replacement rats at week 1 after treatment returned to control values (36.8±12.3 g), and this was maintained at least 5 weeks later. Von Frey hair tests showed no difference of PWT between sham and GDX male rat groups (p>0.05, n=8 for each group; Fig. 1b ) in the 2, 4, and 6 weeks after orchiectomy.
Hindpaw withdrawal latency (PWL) was tested in two groups of female rats and two groups of male rats 4 weeks after operation. The results showed that OVX rats with vehicle had a similar pain behavior to the sham rats (OVX, 7.0±0.3 s vs. sham, 7.0±0.2, n=6 for each group, p>0.05; Fig. 1c) . In male rats, orchiectomized rats had a similar thermal pain threshold to the sham rats (GDX, 6.2±0.3 s vs. sham, 6.56±0.4 s, p>0.05, n=6 for each group; Fig. 1c ).
P2X receptors mediate the mechanical hyperalgesia developed after ovariectomy
We then determined whether the mechanical hyperalgesia in OVX rats was mediated by P2X receptors using the P2X 3 and P2X 2/3 receptor antagonist TNP-ATP. Since the actual concentrations of the antagonists reaching the P2X receptor sites in vivo are uncertain, high concentrations of TNP-ATP (200 nmol in 50 μL), doses similar to those selected by other investigators [36, 37] , were used. Compared with PBS, injection of TNP-ATP in the hindpaw had no significant effect on the PWT in the sham group (n= 6, p>0.05; Fig. 2a) , suggesting that P2X receptors do not participate in the responses to von Frey filaments in the sham rat group. A similar experiment was carried out in the OVX group where TNP-ATP reversed the hyperalgesic effect (n=6, p<0.05) to 85.8±19.0 g 20 min after injection, which was significantly higher than the control (23.2± 2.3 g, Fig. 2b) . Thus, the hyperalgesic response in the OVX group was reversed after TNP-ATP application. The TNP-ATP effect was maintained for 60 min and then subsided within 100 min (Fig. 2b) . Furthermore, we carried out similar experiments using A-317491, another selective P2X 3 receptor antagonist [32] , in both sham and OVX rats. The results showed that A-317491 (100 nmol) significantly reversed the hyperalgesia of OVX rats (Fig. 2c) while having no effect on sham rats (Fig. 2d) .
ATP (100 μmol/L, 50 μL) was applied to the plantar paw of sham, OVX, or estrogen-treated rats. The injection caused rats to repeatedly lift the injected paw (flinching) to apparently avoid putting weight on it. Injection of PBS rarely evoked flinch behaviors in either sham or OVX groups. In sham rats, ATP caused a PWD of 0.5±0.34 s (n=8, Fig. 3a) , and in OVX rats, the responses to ATP were greatly potentiated, with the PWD being 60-fold longer than that in sham rats (60±0 s, p<0.01, n=8; Fig. 3a) . After estradiol replacement, ATP-induced PWD was decreased to 33.5±14.6 s, which was significantly lower than that in OVX group (p<0.01, n=8; Fig. 3a) . To confirm that the responses were mediated by P2X receptors, TNP-ATP (200 nmol in 50 μL) was co-injected with ATP (100 μmol/L, 50 μL). In the three groups of rats, the PWD decreased to 0.17±0.17, 12.6±12.6, and 1.08±0.99 s, respectively, which were significantly different than those seen before TNP-ATP injection (p<0.01, p<0.01, p<0.01; Fig. 3a) . Injection of TNP-ATP had no effect on rat hindpaw withdrawal behavior. To quantify the effect of ATP, we repeated the experiments using three additional concentrations of ATP and constructed dose-response curves for the nocifensive responses in the three rat groups; the ATP doses producing 50% of the maximum paw lifting duration, EC 50 , were 624.9±105.9 μmol in the sham rats (n=8), 265.4±40.7 μmol in the OVX rats (n=8), and 450.1±15.4 μmol in estrogen-treated rats (n=8, Fig. 3b ).
Upregulation of P2X 3 receptor expression in DRG after ovariectomy
In our study, P2X 3 mRNA expression significantly increased after surgical ovariectomy, which is consistent with a previous report [30] . A representative example of the mRNA products for the P2X 3 receptor subunit was normalized by the corresponding β-actin mRNA for each of the three treatment groups. We found that the relative level of P2X 3 mRNA expression in rat DRG increased by threefold after surgical ovariectomy (OVX; 5.98±0.17 vs. 1.52±0.14, n=8 for each group, p<0.01; Fig. 4a ). P2X 3 expression in rat DRG from the estrogen-treated group differed significantly from OVX animals (5.98±0.17 vs. 3.83±0.19, n=8, p<0.05; Fig.4a ). In male rats, P2X 3 mRNA expression did not change significantly after surgical orchiectomy (1.73±0.14 vs. 1.99±0.24, n=8 for each group, p>0.05; Fig. 4b ).
Western blot analysis was then used to detect P2X 3 receptor protein levels in the intact DRGs from sham, OVX, and estrogen-treated rats. Using the P2X 3 antibody, a single band of approximately 57 kDa was recognized in the DRGs (Fig. 4c) ; the P2X 3 receptor protein levels in DRG from OVX rats was increased by 63% after OVX (sham, 0.81±0.13, n=6; OVX, 1.32±0.29, n=6, p<0.01) and reversed to 0.78±0.26 in the estrogen-treated group (n=6, p<0.05; Fig. 4c ).
Expression of P2X 3 receptors in DRG cultured neurons were inhibited by estradiol via estrogen receptors
In order to explore a direct effect of estrogen on P2X 3 receptor expression, we determined the P2X 3 receptor expression in cultured DRG neurons after treatment with estradiol by QT-RT-PCR and Western blot methods. In these experiments, after the cells were incubated with SFM for 1 day, different concentrations of estradiol were applied. In the cultured DRG neurons, P2X 3 mRNA was not changed after a 12-h treatment with 17β-estrodiol (0.1 μmol/L, n=8 rats, p>0.05; Fig. 5a ), but significantly decreased at 24 h (n=8 rats, p <0.05; Fig. 5a ), and this was maintained until at least 48 h (n=8 rats, p<0.05; Fig. 5a ). We then found that 17β-estradiol at the lower concentration (0.001-0.01 μmol) also decreased P2X 3 mRNA expression significantly (n=8 rats in each concentration, p<0.05, with each concentration compared with control; Fig. 5b ).
Western blot analysis was then used to detect the changes in P2X 3 receptor protein levels in the cultured DRG neurons. Using the P2X 3 Fig. 2 Comparison of the paw withdrawal threshold (PWT) after injection of PBS (50 μL), TNP-ATP (200 nmol in 50 μL), or A-317391 (100 nmol in 50 μL) in the rat hindpaws between sham and OVX group. a There was no significant difference between PBS and TNP-ATP injection in the sham group (n=6). b Compared with that after PBS injection, the mechanical pain threshold after TNP-ATP injection in the hindpaws increased significantly in OVX group (n=6). *p<0.05. c There was no significant difference between PBS and A-317491 injection in the sham group (n=6). d Compared with that after PBS injection, the mechanical pain threshold after A-317491 injection in the hindpaws increased significantly in the OVX group (n=6). *p<0.05, **p<0.01 receptor protein levels in DRG neurons 24 h after estrogen treatment were decreased by 65% of the control (cont, 1.19±0.22, n=6; E 2 , 0. 77±0.13, n=6, p<0.05; Fig. 5c ). An estrogen receptor antagonist, ICI 182,780 [38] , which was applied 30 min before estradiol blocked the estrogen effect on the P2X 3 expression to 1.13±0.13 of control (n=6, p<0.05 compared with applying estrogen alone; Fig. 5c ). Fig. 4 a P2X 3 mRNA expression in dorsal root ganglia (DRG) from sham, OVX, and estrogen-treated (OVX+E 2 ) female rats 6 weeks after surgery. P2X 3 mRNA expression in OVX rats was significantly higher than that either in sham or estrogen-treated (OVX+E 2 ) rats (n=8 for each group). b P2X 3 mRNA expression in DRG from GDX male rats 6 weeks after surgery did not change significantly from that in sham male rats (n=8 for each group). The expression of P2X 3 mRNA was normalized to the β-actin expression in its respective group. c Western blot of total P2X 3 receptor protein obtained from dorsal root ganglia (DRG) isolated from sham, OVX, and estrogen-treated (OVX+E 2 ) rat groups 6 weeks after surgery. The total expression of P2X 3 receptors, expressed as blot density relative to sham rats (n=6), was increased significantly in OVX group (n=6) and differ in estrogentreated (OVX+E 2 ) group (n=6). The expression of P2X 3 receptors was normalized to the β-actin in its respective group. **p<0.01, *p<0.05 
Discussion
Our results showed that the mechanical pain threshold was significantly decreased in OVX female rats. From 2 weeks after ovariectomy, mechanical hyperalgesia developed and persisted for at least 6 weeks after surgery. The hyperalgesia that appeared in OVX rats could be reversed by replacement of estrogen. In contrast, the PWL to thermal stimulation did not differ significantly between sham and OVX rats. These results suggest a role of estrogen in mechanical nociception. Previous reports have found that OVX mice developed a robust mechanical hyperalgesia and allodynia in the abdomen, hind limbs, and proximal tail [8] . The OVX-induced hyperalgesic state of slow onset and long duration could be reversed by estrogen [9] . Administration of estradiol induced a reduction of nociceptive responses in OVX rats [10] and an increase of latencies to response to heat stimuli [11] . Gaumond [39, 40] observed an anti-hyperalgesic effect of 17β-estradiol implanted pellets on the interphase between phase 1 and phase 2 of the formalin test in OVX rats, which was then confirmed and extended in another laboratory [41] . It cannot be concluded that estrogens worsen or alleviate pain per se; rather, estrogens may do either, perhaps depending on the type and chronicity of pain, as well as estrogen level and stability. Insofar as animal and human studies of relatively short-lived pain are concerned, the data suggest that estradiol primarily attenuates pain, or has no effect [3] . The results in this study further support the inhibitory effect by estrogen on the nociceptive sensitivity of the skin. Some evidence has shown a possible relation between male gonadal hormones and chronic pain. It seems that gonadal and adrenal androgen levels are lower in female and male rheumatoid arthritis patients than in control subjects [42, 43] . Androgen administration seems to be protective in chronic inflammatory disease in both animal models and clinical trials [44] . In this study, the mechanical pain threshold in male rats from 2 to 6 weeks after orchiectomy did not change significantly, and the PWL to thermal stimulation did not change 4 weeks after orchiectomy, suggesting that the effect of androgens may not appear in the physiological condition. Other possibilities could be the different effects of testosterone and 5-alpha dihydrotestosterone, or the possible regulation of secretion of sex hormones that occurs in the pituitary gland or hypothalamus. Since some effects of androgens are medi- ated by their conversion to estradiol [20, 45] , further work will be required to determine their actual pain modulation by using aromatase inhibitors to prevent the conversion of testosterone to estradiol. Evidence has shown that estradiol administration to OVX rats increases μ-opioid receptor protein in the hypothalamus [46] [47] [48] and enkephalin mRNA expression [49] , indicating that estrogen can induce an increase in endogenous antinociception and thus reduce pain sensitivity. The P2X 3 receptor subtype has been found to be involved in peripheral pain signal transduction [26, [50] [51] [52] [53] . To date, changes in the expression and function of P2X 3 receptors from DRG neurons in the varied gonadal hormone levels have not been well documented. Though it has been reported that there is a threefold increase in mean P2X 3 receptor subunit levels in the urinary bladder after ovariectomy [30] , little is known about the alteration of P2X 3 expression and function in peripheral pain signal transduction after ovariectomy. In this study, examining the ATP-induced flinch responses, we found that a much lower concentration of ATP was required to produce a similar PWD in OVX rats than in sham rats. Since ATP is a ligand at both P2X and P2Y receptors, experiments using selective P2 receptor antagonists were then carried out to determine which P2 receptor subtype is essential for generating the hyperalgesia after ovariectomy. The large reduction of ATPinduced nociceptive responses and the reversed PWT in OVX rats by TNP-ATP suggests that peripheral P2X 1 , P2X 2/3 , P2X 3 , and P2X 7 , but not P2X 4 and P2X 5 receptor subtypes, are likely to be involved in the von Frey hair filament responses. Furthermore, A-317491, a more potent and selective antagonist of P2X 3 /P2X 2/3 receptor [32] , significantly reversed the mechanical hyperalgesia of OVX rats. Since the expression of P2X 1 , P2X 4 , and P2X 7 are low in DRG neurons [24, 53, 54] , these observations suggest that P2X 3 and P2X 2/3 are likely to be the receptor subtypes that are enhanced after ovariectomy. The ovariectomized state might alter peripheral pain via P2X 3 subunitcontained receptors located on the peripheral terminals of DRG neurons.
The large increase in P2X 3 receptor expression from DRG after ovariectomy in female rats, but not orchiectomy in male rats, in this study further suggests that the increase in P2X 3 receptor function is the underlying mechanism for the observed abnormal nociceptive responses in OVX groups. Studying mechanical hyperalgesia in OVX rats, we have shown that estrogen can potentially alter the nociceptive process at the primary afferent level. We then found that estrogen replacement reversed the increase of P2X 3 expression in DRG in both mRNA and protein levels. Moreover, applying estrogen directly to the cultured DRG neurons resulted in a decrease of P2X 3 receptor expression in both mRNA and protein levels, which could be blocked by an estrogen receptor antagonist. Though this study cannot exclude the possible effects by progesterone or the other components in the gonadal hormones secreted from the ovary, it does suggest that post-transcriptional changes could account for the changes in protein and mRNA expression of P2X 3 receptors by estrogen.
One of the mechanisms contributing to the inhibition by estrogen on P2X 3 receptors at the transcriptional level could be the genomic pathway via intracellular estrogen receptors (ERs). Li et al. [55] recently reported that the sex difference in basal mechanical pain threshold and inflammatory hypersensitivity is eliminated in mice lacking either the estrogen α receptors or β receptors, suggesting that both of these receptors are involved in the estrogen modulation of pain perception. Furthermore, estrogens acting primarily through the activation of estrogen receptor β (ER β ) may also have a developmental role that affects spinal cord structures important for the transmission of nociceptive information [56] . As we have reported previously, estrogen rapidly inhibited the P2X 3 receptor-mediated currents in cultured DRG neurons [29] , which could be blocked by an ER antagonist, ICI, 182,780. In this study, ICI 182,780 blocked the estrogen inhibitory effect on P2X 3 expression in DRG neurons. These results suggest a role of estrogen on P2X 3 function via both non-genomic and genomic pathways. Other factors, e.g., changes in the modulation of the receptor by protein kinases [57] or changes in channel properties [58] , may also contribute to the increase in P2X 3 receptor function.
Other factors that we cannot exclude could be possible changes in the ATP levels in various estrogen states or the regulation of secretion of sex hormones that occurs in the pituitary gland or hypothalamus. There may be supraspinal modulation and, potentially, hormonal effects may be mediated directly by the hormones themselves or by the processes which control the release of the hormones.
Although the mechanisms underlying the altered P2X 3 receptor-mediated nociceptive responses in the OVX rats remain unclear, our studies have shown that estrogen inhibited P2X 3 receptor expression through a genomic mechanism and the upregulation of P2X 3 receptors in DRG neurons from the OVX groups may play a central role in mediating the abnormal nociceptive responses after ovariectomy in female rats. Therefore, this study establishes the potential of the P2X 3 receptor as a target for pain therapy, especially in females.
